Background
for dsRNA-mediated silencing have been identified [12, 13] . Some of these mutants show activation of different RNA interference (RNAi) refers to sequence-specific in-DNA transposons and cause a relief of transgenic repeat hibition of gene function by its homologous doublecosuppression in the germline [12] [13] [14] . The activation of stranded RNA (dsRNA). This phenomenon has been ob-DNA transposon and a retrotransposon was also observed served in a wide range of eukaryotic organisms, including in a Chlamydomonas mutant impaired in PTGS [15] . These protozoa, C. elegans, D. melanogaster, and vertebrates [1] [2] [3] [4] .
results and numerous studies in plants strongly implicate The homology-dependent posttranscriptional gene sithe biological role of dsRNA-mediated silencing as a lencing (PTGS) caused by the introduction of transgenes transposon-repression and antiviral mechanism [6, 16] . was first observed in plants and later described in fungi (reviewed in [5] ). Studies in plants suggest that PTGS may be mediated by dsRNA corresponding to transcribed Here, we report that Drosophila tandemly repetitive genes regions of the gene [6] [7] [8] . The species of small 21-25 nt might be naturally regulated by homology-dependent sisense and antisense RNA corresponding to silenced genes lencing mediated by dsRNA. We studied an interaction were discovered and supposed as a component of degrada- The structure of Ste genes and Su(Ste) repeats and the rationale for RT-PCR analysis of Su(Ste) RNA. The 1.2 kb Ste repeat unit contains an open reading frame with two introns and an intergenic spacer [20] . The closely homologous 2.8 kb Su(Ste) unit contains an additional Y-specific sequence (hatched) and the hoppel transposon insertion [18] . The Ste-like region of Su(Ste) repeats includes the promoter region and heavily damaged open reading frame with 90% nucleotide identity with the Ste ORF. A part of the sequenced genomic Su(Ste) repeats has a 23 bp deletion in the Y-specific region (triangle) [18] . In wild-type males, approximately an equal number of Su(Ste) repeats with and without a deletion are presented, while repeats without a deletion followed by PCR amplification with the preparation (see Figure 2c ). Positions of the mainly remained in the cry 1 Y chromosome. The Su(Ste)-specific primer pair PD1/PR1 start sites of antisense Su(Ste) transcripts, polyadenylated sense Su(Ste) transcripts flanking intron 2 to distinguish spliced and according to primer extension analysis and were revealed as a result of the screening of nonprocessed Su(Ste) transcripts. RT-PCR 5Ј-RACE experiments, are shown by arrows the testes cDNA library [24] . The bar under with the primer pair PD1/PR2 was used to in the hoppel body. These start sites are the diagram indicates a probe used for test the presence of the hoppel sequences spaced by 173 nt (primer extension mapping) Northern blot analysis. Reverse transcription in antisense Su(Ste) RNA. The PD2/PR3 or by 48 and 441 nt (5Ј-RACE mapping) from using oligo-dT (dT)-, sense (RTA)-, or primer pair was used for the detection of the beginning of the left inverted repeat of antisense (RTS)-specific primers was Su(Ste) dsRNA in RNaseOne-treated hoppel.
respectively [17] [18] [19] . The ORF of the all-sequenced Steldependent RNAi-related mechanism of Stellate silencing caused by Su(Ste) repeats. We also show that mutationlate repeats were shown to be maintained by selective pressure [19] and encode protein with a striking homology relieving Su(Ste)-dependent silencing of Stellate leads to derepression of LTR and non-LTR retrotransposons as to the ␤ subunit of protein kinase CK2 [20, 21] transcription reaction using oligo-dT primer resulted in transposon insertion (Figure 1 ) [18, 23] . In contrast to the same PCR products, with a great predominance of Stellate genes, all sequenced Su(Ste) repeats have damaged the spliced form, as was revealed with the sense-specific open reading frames and are considerably more diverged, primer. This result suggests that antisense Su(Ste) transuggesting the absence of selective pressure to sustain scripts failed to enter into an RT reaction with the oligocoding capacity [18, 23] . Sense Su(Ste) transcripts with dT primer and belong to a nonpolyadenylated RNA the site of polyadenylation located in a Y-specific region fraction. upstream of hoppel transposon insertion have been revealed as a result of testes cDNA library screening [24] .
Northern blot analysis with the Su(Ste) strand-specific probe revealed antisense transcripts with an average size Here, we present strong evidence in favor of a homology- (Figure 1 ).
The RT-PCR, Northern blot analysis, primer extension, and 5Ј-RACE experiments provide compelling evidence for the existence of antisense Su(Ste) transcripts starting in the hoppel transposon and extending through the Y-specific sequence into the region with a high sequence identity (90%) with the Ste genes.
Stellate silencing associates with the presence of species of small homologous RNAs in testes
We tested the presence of Su(Ste) dsRNA in a total testes RNA preparation using treatment by RNase One, which degrades single-stranded RNA, followed by denaturation, reverse transcription using random primers, and PCR amplification. A denaturation-dependent amplification signal in PCR with Su(Ste)-specific primers was obtained using RNA isolated from normal males, but it was barely detectable in cry 1 Y males with a deletion of Su(Ste) repeats (data not shown). No amplification with adh-or rp49-specific primers was observed, suggesting that no singlestranded RNA remained after RNase One treatment. This result indicates the presence of Su(Ste) dsRNA in the sample. However, dsRNA might be formed as a result of the annealing of sense and antisense strands during the isolation procedure. The presence of endogenous dsRNA in testes suggests that small RNAs that are derived from the dsRNA by endonucleolytic cleavage are being produced [9, 10, 25, 26] . We tested the presence of small RNA species homologous to Stellate and Su(Ste) sequences in the total testes RNA. Northern hybridization with sense or antisense Su(Ste) RNA probes revealed the presence of heterogeneoous 25-27 nt RNA species in the total RNA isolated from normal males. No small RNAs were detected in cry 1 Y males, suggesting that they are produced from the Su(Ste) locus (Figure 2c) . Therefore, as in the cases of artificial RNAi [10, 11, 27] and cosuppression in plants [7, 28] , Stellate silencing is associated with the presence of small homologous RNAs species, presumably produced by Su(Ste) dsRNA cleavage. We revealed a weak expression of Su(Ste) repeats in heads of adult flies (Figure 5c,d ). Both sense and antisense Su(Ste) RNA were detected in heads. As in testes, the level of antisense transcripts in heads is drastically decreased in cry 1 Y males (Figure 5c ), while the level of sense transcripts is increased (Figure 5d ). This observation suggests that the Ste/Su(Ste)-silencing mechanism also operates in somatic tissues.
aubergine and spindle-E mutations cause a relief of Stellate and sense Su(Ste) silencing Stellate derepression in the presence of the intact Su(Ste) locus has been observed as a result of aubergine (aub) and spindle-E (spn-E) mutations, also known as sting and homeless, respectively [29, 30] . The AUBERGINE protein has homologs involved in PTGS and RNAi in plants, fungi, and animals [12, [31] [32] [33] . The spn-E gene encodes a putative RNA helicase [34] that is also proposed as a participant in dsRNA-mediated silencing [35] .
We confirmed that a relief of Stellate silencing occurs as a result of the spn-E 1 mutation by studying the expression of the Ste-lacZ reporter construct in the spn-E spn-E 1 mutation is restricted to the germline, since no The effects of aub sting-1 and spn-E 1 mutations on the expression of transposable elements and genomic tandem repeat in the germline. Total RNA from hetero (ϩ/Ϫ) and homozygous (Ϫ/Ϫ) flies was used for reverse transcription with the oligo-dT primer, followed by PCR using primer pairs specific to different repetitive elements. The expression of the LTR retrotransposons (mdg1, 1731), non-LTR retroposon F-element, and genomic germline-expressed noncoding tandem repeats mst40, as well as the level of histone H3 and Alcohol dehydrogenase (Adh) mRNA, is tested. The level of mobile element transcripts and mst40 tandem repeats was greatly increased in both the male and female germline of homozygous spn-E 1 flies. In the case of mdg1 transcripts, an additional band is observed in several cases, corresponding to the damaged mdg1 copy(ies).
as well as the non-LTR F-element were chosen for analysis. We also tested the expression of genomic germlineexpressed tandem repeats mst40 [36] and histone H3 transcripts encoded by repeating units [37] .
We detected no significant differences in the level of histone H3 expression between the hetero-and homozygous aub sting-1 flies in testes and ovaries ( Figure 6 ). The expression of 1731, mdg1, and F-element retrotransposons as , the levels of transcripts of all tested nt) is slightly longer then the size of 21-23 nt RNA produced in vitro by dsRNA cleavage in Drosophila embryo retrotransposons and mst40 tandem repeats were signifiextracts [9, 25], suggesting that small RNA-producing macantly increased in both the male and female germline of chinery may differ in some respect. It remains to be elucithe spn-E 1 homozygous flies (Figure 6 ). The similar effect dated whether DICER or other protein(s) perform Su(Ste) of retrotransposons and mst40 activation was observed in dsRNA processing in testes. the male and female germline. The most pronounced effect was detected for the 1731 and mdg1 expression.
We showed that Su(Ste) dsRNA produces silencing of the Curiously, in ovaries of spn-E 1 homozygous females, the reporter hsp70-Ste-lacZ construct in Drosophila cell culture, level of mst40 transcripts was shown to be significantly but Su(Ste) dsRNA with about 90% nucleotide identity higher than in testes, although mst40 transcripts have been to Stellate sequence causes a less profound suppressor originally described as male specific [36] . In contrast to effect than the Ste dsRNA. This observation is in agreemst40 and Ste/Su(Ste) tandem repeats, the level of histone ment with the previous studies that demonstrated that H3 transcripts was unaffected in both the male and female the potential of dsRNA to induce silencing drops with germline. Thus, SPINDLE-E protein participates in the a decrease in its sequence identity to a target, with a Ste/Su(Ste) interaction as well as in the silencing of differminimal threshold level of about 85% [11, 27] . Accordent retrotransposons and genomic tandem repeats in the ingly, the expression of the Stellate-related gene ␤CK2tes germline.
[ fragments in the Drosophila cell culture [26] . Spindle-E transcripts are not exported from the nucleus, being less encodes putative RNA helicase with the DExH domain accessible for dsRNA-directed degradation machinery. [34] . RNA helicase has been postulated as a component of dsRNA-mediated silencing machinery that functions Using transgenic flies carrying Ste-lacZ reporter constructs, in dsRNA unwinding to provide sequence-specific target we demonstrated that the 134 bp fragment of the Stellate recognition [35] . Recently, the smg-2 gene encoding the gene, encompassing a 102 bp sequence with 89%-94% RNA helicase involved in the nonsense-mediated decay nucleotide identity to Su(Ste) repeats, is sufficient to conpathway has been shown to be required for the persistence fer Su(Ste)-dependent silencing. However, only 33 bp of of RNA interference in C. elegans [45] . this fragment are transcribed and will be a target for degradation if a posttranscriptional mechanism is operated. The
Studying the role of aub and spn-E mutations in the relief recent observation that a dsRNA as short as 26 bp is still of Stellate silencing, we observed that these mutations capable of inducing RNA interference in C. elegans [27] increase the level of sense Su(Ste) transcripts, exerting no suggests that it is not impossible. However, the presented effect on antisense transcripts. This observation suggests evidence of the involvement of Su(Ste) dsRNA in silencthat corresponding proteins are involved in the mechaing does not exclude the possibility of transcriptional sinism of silencing downstream of antisense RNA produclencing caused by dsRNA-driven modification of the Steltion. The expression of spn-E is restricted to the germline late chromatin structure. Recent study indicates that [34] . Accordingly, no influence of spn-E mutation on the dsRNA corresponding to promoter sequences may trigger expression of Su(Ste) was detected in heads. However, an transcriptional gene silencing in plants, accompanied by increased level of sense Su(Ste) transcripts in heads of the appearance of small 21-25 nt RNA [28] . The involve- These results argue that AUBERGINE may participate in the earlier stage of the establishment of silencing and Here, we confirmed the role of spn-E in Stellate silencing and showed that both mutations lead to an increase in may be dispensable for the later steps, as has been shown for its C. elegans homolog, RDE-1, in RNAi [47] . the level of sense Su(Ste) transcripts. We also demonstrated that the spn-E, but not aub, mutation increases There is ample evidence to implicate the operation of a the expression of different retrotransposons and genomic host surveillance system after mobile elements and vitandem repeats.
ruses [6, 7, 12, 13, 16, 48, 49] as a natural function of dsRNA-mediated silencing. Homologous RNA-mediated Both aub-and spn-E-encoded proteins control translation and localization of specific mRNAs during oogenesis [34, silencing of the non-LTR retroposon I-element has been demonstrated in D. melanogaster, and an involvement of 44]. The AUBERGINE protein is homologous to C. elegans RDE-1 [12], Neurospora crassa QDE-2 [32] , and ArabidsRNA has been proposed [50] [51] [52] [53] . We show that the spn-E, but not aubergine, mutation causes derepression of dopsis AGO-1 [31] proteins. All of these proteins have been shown to be involved in RNAi and PTGS phenomthe mst40 genomic tandem repeats and a wide spectrum of non-LTR and LTR-containing retrotransposons in the ena. Recently, the PAZ-and piwi-conserved protein domains that are shared by numerous proteins, including D. melanogaster germline. The spn-E encoding putative RNA helicase inhibits the expression of repetitive ele-AUBERGINE, RDE-1, QDE-2, and AGO-1, that are im- dsRNA-mediated mechanism of Stellate suppression might repetitive genes, since it has been shown that heterogeneous nuclear ribonucleoprotein (hnRNP) particles isoDetection of small RNA species lated from mammalian cells contain dsRNA and a signifi-
The detection of small RNA was essentially performed by following the cant part of these duplexes is represented by repetitive protocol of Hutvagner et al. [38] . Briefly, 50 g total testes RNA isolated sequences [57, 58] . The future studies of RNAi-related using Trizol reagent was loaded in each lane of a 15% denaturating acrylamide gel, electrophoresed, and electroblotted to Hybond Nϩ memphenomenon may result in unexpected findings, uncovbrane (Amersham) using 0.5ϫ TBE buffer. ment as a template, producing a sense or antisense RNA probe for hybridization. After synthesis, the labeled RNA was partially hydrolyzed Materials and methods during 1 hr incubation at 60ЊC in the presence of 80 mM NaHCO 3 , 160 mM Na 2 CO 3 . Hybridization was performed in 25% formamide, 0.5 M
RT-PCR
NaCl, 0.1 M Na 2 HPO 4 , 25 mM EDTA, 1ϫ Denhardt solution, and 150 The amplification conditions were determined in preliminary experiments g/ml denaturated DNA at 50ЊC. After hybridization, a membrane was using plasmid templates. The specificity of the Su(Ste) PD1/PR1 primer washed twice in 2ϫ SSC, 0.5% SDS at 50ЊC for 30 min and once in pair was confirmed by the absence of amplification using female genomic 0.5ϫ SSC, 0.5% SDS at 50ЊC for 15 min. Overnight exposure to X-ray DNA. Total RNA was isolated from 100 hand-dissected testes using Trizol reagent (Gibco BRL), followed by two sequential precipitations film was sufficient to detect a signal from small RNA.
Primer extension and 5Ј-RACE X-gal staining of testes
Hand-dissected testes were fixed in 2% glutaraldehyde in PBS for 30 Primer extension with Ext primer (5Ј-AACTGGCAGTGCATTT-3Ј) was min, washed two times in PBS, and stained with 0.25% 5-bromo-4-performed on 20 g total testes RNA, essentially following the protocol chloro-3-indolyl ␤-D-galactopyranoside (X-gal) at 37ЊC for 1.5 hr in buffer of Livak [20] . 5Ј-RACE experiments using RTS primer for reverse trancontaining 0.15 M NaCl, 10 mM NaH 2 PO 4 (pH 7.5), 1 mM MgCl 2 , 3.1 scription and PD1 primer for amplification were performed using the mM K 3 [Fe II (CN) 6 ], and 3.1 mM K 4 [Fe III (CN) 6 ] . SMART RACE cDNA amplification kit (Clontech) according to the protocol of Matz et al. [59] . PCR products were cloned and sequenced.
Reporter construction design
interference to demonstrate that frizzled and frizzled 2 act in the wingless pathway. Cell 1998, 95:1017-1026.
For PCR amplification, a plasmid template containing six full-length Ste (2) y females were crossed to X/cry agarose gel in TBE buffer and stained with ethidium bromide.
